Abstract. The progression of colorectal cancer has been reported to have a positive correlation with the combination of hyperglycemia and hyperinsulinemia in diabetic patients, leading to a lower survival rate. However, how insulin acts on colorectal cancer remains not well understood. The purpose of this study was to explore the effect of insulin on colon cancer cell proliferation and its underlying molecular signaling as well as the impact of insulin-induced in vitro metastasis. Our results showed that insulin markedly promoted cell proliferation, migration and anchorage-independent growth in human colon cancer HCT-116 cells. Insulin-regulated insulin receptors (IRs) stimulate insulin receptor substrate 1 (IRS-1) and interact with the downstream signals, causing a rise in HCT-116 cell proliferation. Moreover, insulin significantly induced the migration ability of HCT-116 cells. The metastatic ability of matrix metalloproteinase-2 (MMP-2) mRNA and activity was activated by insulin. Overall, insulin-triggered cell proliferation and metastatic effects on colorectal cancer cells are mediated by IRS-1 and downstream molecules and by increasing phosphoinositide 3-kinase (PI3K)/Akt and mitogenactivated protein kinase (MAPK) signaling. Therefore, insulin induction might have the potential to induce colorectal cancer progression in diabetes patients.
Introduction
Diabetes mellitus has become one of the major diseases that is hazardous to human health and is caused by the change in lifestyle and western style diet in recent years (1) . Diabetes is a systemic disease of metabolic disorders and leads to an increasing number of deaths (2) . Poor insulin activity and inadequate insulin secretion can cause carbohydrate metabolism problems, finally resulting in patients developing hyperglycemia and hyperinsulinemia (3) . In addition, there is growing evidence that there is a connection between type 2 diabetes and the increased appearance of new tumor cases as shown in retrospective and prospective epidemiological studies (4, 5) . Patients with type 2 diabetes have a high risk of cancer, and colorectal cancer is the third leading cause of cancer death according to the cancer statistics in Taiwan (6) . The principal source of energy upon the glycolysis of glucose has been directly monitored in migrating tumor cells (7) . However, in the insulin-free condition, the high blood glucose fails to promote tumor growth due to insulin deficiency (8, 9) , which might be a mediator in the induction of hyperinsulinemia to increase the factors of cancer progression (10) .
Colorectal cancer patients with diabetes have a higher mortality rate than those with type 2 diabetes alone (11, 12) . In addition, human evidence has also demonstrated that high levels of insulin with an increased risk of colon cancer and increased circulating concentrations of insulin are associated with a higher risk of colonic neoplasia (13) . Furthermore, chronic hyperinsulinemia might stimulate insulin receptor (IR) signaling to induce tumor growth in breast and pancreatic cancers (14, 15) . Currently, there is no available information regarding a link between colorectal cancer and type 2 diabetes in patients, and the molecular mechanism of high insulininduced signaling in colon cancer remains unclear. Herein, we focused on the role of insulin in the proliferation and metastatic effects on human colorectal cancer cells.
We further investigated how the addition of insulin promoted cell proliferation and migration by modifying the expression of IR signaling, the phosphoinositide 3-kinase (PI3K)/Akt/glycogen synthase kinase-3β (GSK3β) pathway and matrix metalloproteinase-2 (MMP-2) regulation in treated colorectal cancer cells. Therefore, our results confirm a link CHI-CHENG LU  1,2 , PEI-YI CHU  2 , SHIH-MIN HSIA   1 between insulin and colorectal cancer cell progression and clarify how insulin acts as a molecular modulator using a cultured cell model. (16, 17) . The cells were maintained in RPMI-1640 medium supplemented with 10% FBS, 100 µg/ml penicillin and 100 U/ml streptomycin at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . The culture medium was renewed each day. Cells were subcultured every 3 days with 0.1% trypsin-EDTA.
Insulin induction instigates cell proliferation and metastasis in human colorectal cancer cells

Materials and methods
Chemicals and reagents.
Cell viability assay. Cell viability was determined with a trypan blue assay as previously described (18) . HCT-116 cells (5x10 4 cells/well) were seeded onto a 24-well plate in RPMI-1640 medium with 1% FBS. After a 24 h incubation, pretreatment with or without 20 µM of SP600125, PD98059, SB203580 and wortmanin, respectively, for 1 h, and the cells were treated with or without various concentrations (100, 150, 200, 250 and 300 nM) of insulin in culture medium with 1% FBS for 48 h. Cells were harvested and then stained with 0.4% trypan blue to count the live and dead cells using an Olympus IX71 Inverted System Microscope (Olympus, Tokyo, Japan).
Cell proliferation assay. The 96-well plate was coated with 50 µl of 12% poly-HEMA solution dissolved in 95% ethanol as described by previous studies (19, 20 Western blotting. The treated HCT-116 cells were harvested and lysed in RIPA Lysis Buffer (EMD Millipore). Nuclear and cytosolic fractions were prepared utilizing the Nuclear/ Cytosol Fractionation kit (BioVision) as specified in the manufacturer's protocol. The protein concentration was detected using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA), and then the lysate was mixed with protein loading dye and boiled, as previously described (21) . The sample (50 µg) was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and the separated protein was transferred onto cellulose nitrate membrane (Sartorius Stedim Biotech GmbH, Goettingen, Germany). Each membrane was immunoblotted directly against an appropriate antibody [anti-IR, anti-IRS-1, anti-phospho-PI3K, anti-PI3K, anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-mTOR (Ser2448), anti-mTOR, anti-phospho-GSK3β (Ser9), anti-GSK3β, anti-p53, anti-cyclin D1, anti-c-Myc, anti-heat shock protein 27 (HSP27), anti-phospho-ERK1/2 (Thr202/Tyr204), anti-ERK1/2, anti-phospho-JNK (Thr183/Tyr185), anti-JNK, anti-phospho-p38 (Thr180/Tyr182) and anti-p38] overnight and then further incubated with HRP-conjugated secondary antibody (1:10000 dilutions). The protein levels were normalized to lamin B1 or β-actin. The signal was analyzed using Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore), and the signal intensity was quantified using VisionWorks LS Image Acquisition and Analysis Software (version 6.3.3, UVP, Upland, CA, USA).
Wound healing assay. The Culture-Insert 2 Well (Ibidi, Martinsried, Germany) was placed onto a 12-well plate, and HCT-116 cells (7x10 4 cells/well) were seeded into the cultureinsert. After 12 h of incubation, the culture-insert was removed, and cells were treated with various concentrations (100, 150 and 200 nM) of insulin in RPMI-1640 medium with 1% FBS and further incubated for 24, 48 and 72 h. Photographs of the wound adjacent to reference lines scraped on the bottom of the plate were taken using an Olympus IX71 Inverted System Microscope. The cells were examined and quantified to measure relative to a control well.
Transwell migration assay. Cell migration was determined with a Transwell migration assay. Transwell polycarbonate membrane cell culture inserts (Corning, Lowell, MA, USA) were placed onto a 24-well plate, and HCT-116 cells (1x10 5 cells/well) were treated at various concentrations (100, 150 and 200 nM) of insulin in serum-free RPMI-1640 medium. A serum-containing medium (650 µl) was added to the lower chambers. After incubating for 48 h, filter inserts were removed from the wells, and the cells that migrated through the membrane were fixed with methanol and stained with crystal violet, as previously described (22) . Photographs were taken using an Olympus Power IX71 microscope, and the migrated cells were quantified by ImageJ 1.47 program for Windows from the National Institute of Health (NIH) (Bethesda, MD, USA).
Reverse transcription PCR. HCT-116 cells were treated with 100, 150 and 200 nM of insulin for 48 h before being collected to extract total RNA using TRIzol Reagent (Thermo Fisher Scientific), as previously described (21) and reverse transcribed to produce cDNA using the SuperScript III First-Strand Synthesis SuperMix for qRT-PCR kit (Thermo Fisher Scientific) according to the manufacturer's protocols. The primers used for PCR to amplify the target genes were as follows: MMP-2, forward: TACACCGGGCCTGGAGAAC TAG, reverse: GCTCTGAGGGTTGGTGGGATTG; MMP-9, forward: CTGGAGGTTCGACGTGAAGG, reverse: AGG TCACGTAGCCCACTTGG; 18S rRNA, forward: GTAACC CGTTGAACCCCATT, reverse: CCATCCAATCGGTAGTA GCG. The PCR products were separated by electrophoresis on a 1.5% agarose gel, and the DNA bands were detected using the SYBR Safe DNA gel stain (Thermo Fisher Scientific). The gel was then photographed using a BioDoc-It system (UVP). The results were expressed as the ratio of each DNA signal relative to the corresponding 18S rRNA signal.
Gelatin zymography. HCT-116 cells (1x10 5 cells/well) were seeded onto 24-well plates in serum-free RPMI-1640 medium and thereafter treated with various concentrations (100, 150 and 200 nM) of insulin for 48 h. Thereafter, the conditioned media were collected, and the unboiled sample was separated by electrophoresis on 8% SDS-polyacrylamide gels containing 0.1% gelatin (Sigma-Aldrich). After electrophoresis, the gels were washed twice in washing buffer and then incubated in reaction buffer at 37˚C for 16 h as previously described (22, 23) . Bands corresponding to activity were visualized by negative staining using Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories), and quantitative data were analyzed utilizing VisionWorks LS Image Acquisition and Analysis Software (version 6.3.3, UVP).
Statistical analysis. The data are expressed as the mean ± SD of three independent experiments. Kruscal-Wallis H test was subsequently followed up with Bonferroni method to evaluate the statistical significance. P-value <0.05 was considered to indicate a statistically significant difference.
Results
Insulin induces human colorectal carcinoma HCT-116 cell proliferation in vitro.
To examine the effects of insulin on cytotoxicity, the trypan blue method was performed. Insulin at 100-300 nM showed no cytotoxic influence on the number of dye-excluding HCT-116 cells (Fig. 1A) . Importantly, insulin at 100-250 nM significantly increased cell proliferation (Fig. 1A) . Next, the effect of cell proliferation on insulininduced cells was examined by the poly-HEMA-coated plate assay. Our data demonstrated that cells grew in aggregates and showed sphere formation in a poly-HEMA-precoated plates (Fig. 1B, top panel) . A comparison of adherent and aggregated cells revealed that cells floated in the media. In addition, HCT-116 cell growth was notably increased by insulin in coated and uncoated poly-HEMA samples compared with their untreated counterparts (Fig. 1C) . Thus, these data indicated that insulin effectively promoted HCT-116 cell growth and proliferation in vitro.
Insulin modulates the IR pathway via PI3K/Akt signaling in HCT-116 cells. Cells were exposed to various concentrations of insulin, and the protein levels of IR and IRS-1 were then assessed by immunoblotting analysis. Both the IR and IRS-1 levels were increased after treatment with insulin ( Fig. 2A) . Moreover, treatment with insulin induced the phosphorylation of PI3K and Akt (Ser473) in HCT-116 cells, but no effect appeared in the protein levels of PI3K and Akt in insulintreated cells (Fig. 2B) . These results suggest that insulin induced the IR signal by regulating the PI3K/Akt pathway, showing that IR functionally enhances pro-tumorigenic signals in HCT-116 cells.
Insulin regulates downstream PI3K/Akt signaling in HCT-116 cells.
To determine whether the downstream signals are involved in the regulation of insulin-treated HCT-116 cells through the PI3K/Akt signaling pathway, we further tested the protein levels of mTOR, GSK3β and p53 to specifically clarify the functional regulation. Insulin treatment induced the phosphorylation of mTOR (Ser2448) (Fig. 3A) and GSK3β (Ser9) (Fig. 3B) . In addition, treatment with insulin induced the p53 level in a concentration-dependent manner in treated cells (Fig. 3C ). These results demonstrate that the enhancement of insulin-induced IR signaling was observed via the PI3K/Akt pathway by activation of mTOR/GSK3β, an activity that was not due to the suppression of the p53 signal in HCT-116 cells.
Insulin affects cell cycle-associated protein expression of c-Myc and cyclin D1, as well as HSP27 in HCT-116 cells.
Our results have shown that insulin increased HCT-116 cell proliferation (Fig. 1) . To verify whether c-Myc and cyclin D1 are involved in insulin-induced HCT-116 cell proliferation, we examined the levels of c-Myc and cyclin D1 by western blot analysis. Insulin increased the cyclin D1 level, but it decreased c-Myc protein expression in HCT-116 cells (Fig. 4A) . It seems that insulin stimulated cell proliferation through regulating c-Myc and cyclin D1 levels in HCT-116 cells. To further detect whether insulin causes the translocation of HSP27 and c-Myc, we further analyzed the protein expression of c-Myc and HSP27 in nuclear and cytosolic fractions, respectively. We observed a decrease in c-Myc nuclear translocation and an increase in HSP27 trafficking into the nucleus of HCT-116 cells after insulin exposure, while insulin attenuated cytosolic c-Myc and enhanced HSP27 in the cytosol (Fig. 4B) . These data implied that the activity of c-Myc and HSP27 might be required in insulin-induced HCT-116 cell proliferation.
Insulin enhances MAPK signaling in HCT-116 cells.
To examine whether cell proliferation in response to insulin challenge is associated with the MAPK pathway, we determined the level of MAPK (ERK, JNK and p38) molecules in insulin-treated HCT-116 cells. Insulin challenge resulted in an upregulation of phosphorylated MAPK-associated protein levels, including the phosphorylation of ERK1/2 on Thr202/ Tyr204, JNK on Thr183/Tyr185 and p38 on Thr180/Tyr182 (Fig. 5A) . To confirm the roles of MAPK-triggered cell proliferation by insulin, we individually pretreated HCT-116 cells with or without SP600125 (a JNK-specific inhibitor), PD98059 (an ERK-specific inhibitor), SB203580 (a p38-specific inhibitor) or wortmannin (a PI3K-specific inhibitor) before exposure to insulin to investigate cell viability. These four inhibitors were effective on the inhibition of insulin-enhanced cell proliferation (Fig. 5B) . Specifically, PD98059 and wortmannin significantly attenuated insulin-induced viability by up to 45.5% and 67.4%, respectively, compared with insulin treatment alone. Therefore, we provide bimolecular evidence regarding the influence of MAPK and PI3K signaling that contribute to insulin-provoked proliferation in HCT-116 cells.
Insulin promotes HCT-116 cell motility and migration in vitro.
We then further investigated whether insulin has an impact on cell migration in HCT-116 cells by the wound-healing assay. Insulin treatment significantly enhanced cell migration to the denuded zone (Fig. 6A ) and stimulated cell motility in a timeand concentration-dependent manner (Fig. 6B) . After 48 h of insulin exposure, the cells on the lower surface of the filter were examined under a microscope in HCT-116 cells. Insulin markedly elicited the number of migrated cells as measured by the Transwell migration assay at 48 h after insulin treatment ( Fig. 7A) . The migration ability was increased by insulin treatment of (Fig. 7B ). These findings demonstrate that insulin promoted the migration ability of HCT-116 cells.
Insulin upregulates gene expression and gelatinolytic activity of MMP-2 in HCT-116 cells.
To clarify whether insulin regulates the secretion of MMP-2 by HCT-116 cells, we employed RT-PCR and gelatin zymography assays. There was a noticeable induction in MMP-2 gene expression after insulin treatment at 150 and 200 nM for 48 h (Fig. 8A ). However, insulin had no effect on the MMP-9 mRNA level in treated cells (Fig. 8A) . In addition, a gelatinolytic band corresponding to MMP-2 was significantly increased by insulin in the culture medium that was stimulated, and quantitative analysis of these results was performed to show that enzymatic activity of MMP-2 was increased in HCT-116 cells (Fig. 8B) . Based on the data, insulin leads to cell migration through increasing the MMP-2 levels in HCT-116 cells.
Discussion
Diabetes is a systemic metabolic disorder caused by defects in insulin secretion and insulin activity, resulting in patients with abnormal carbohydrate metabolism inducing hyperglycemia and hyperinsulinemia, which are the major causes of the systemic inflammatory response (2, 24) . It has been noted that the recurrence rate and mortality of patients were substantially increased with the coexistence of diabetes and some cancers (10, 25) . Regarding the lack of insulin, tumor cell growth cannot directly be promoted in diabetes patients with hyperglycemia (9). However, the high concentration of insulin has been reported to activate IR signaling to enhance tumor growth, which acts an important mediator (15, 26) . Currently, the mortality of patients with diabetes and colorectal cancer is higher than that in patients with colorectal cancer only; among them, the patients with type 2 diabetes possess a higher risk of colorectal cancer (12, 27, 28) . Therefore, this study focused on exploring the effect of insulin on colorectal cancer cell proliferation and migration, as well as clarifying the underlying molecular mechanism in human colorectal cancer cells in vitro. In this study, the human colon cancer cell line HCT-116 was used to assess the effects of different concentrations of insulin on the cytotoxicity of the tumor cells. A previous study has shown that insulin treatment at 100 nM interacted with optimal defensing expression (29) and was involved in β-cell function during fasting plasma insulin concentrations in man (30) . We found that insulin at 100-300 nM had no significant cytotoxic effect and exhibited an increase in cell proliferation in HCT-116 cells (Fig. 1) , agreeing with that in a previously published study (31) . In addition, the process of attached cell adhesion to the extracellular matrix (ECM) is critical during cancer cell proliferation and progression. The transformation of cancer cells may be dependent on the behavior of continued growth, which can serve as an important clue for the malignant progression of cancer (32) .
We further investigated the impact of insulin on anchorageindependent cancer cell growth. Our findings demonstrate that insulin significantly increased cell proliferation and markedly promoted the growth of cancer cells by the poly-HEMA coated assay to prevent cell attachment (Fig. 1B) . Moreover, for long-term analysis (7 days), there was a similar effect on HCT-116 cell proliferation (data not shown). Previous studies have shown that mitogenic and oncogenic stimulation enhance tumor cell growth and alter protein kinase activity and nuclear localization (19, 33) . Thus, it can be speculated that insulin promotes the characteristics of cancer cell proliferation to stimulate cancer progression in HCT-116 cells.
Insulin might play a vital role in the patients with diabetes and cancer progression (34) . Increasing evidence has suggested that the activation of IR signaling is mediated through the binding of insulin and IR to cause cancer cell survival and mitotic actions (10) . It has been recognized that the activation of insulin signaling stimulates IRS-1 to further affect the PI3K/Akt pathway and to induce ERK phosphorylation, finally leading to cancer cell survival and mitotic effects (35) (36) (37) . Our data showed that insulin increased the levels of IR and IRS-1 expression in HCT-116 cells (Fig. 2) , a finding that agrees with a previously published study regarding insulin enhancing IR expression and then dramatically altering the downstream signaling pathway in breast cancer LCC6 cells (36) . Therefore, we suggest that it is unnecessary that a dramatic increase in the IR signal caused by insulin occurs, but their downstream proteins are important after IR activation in colon cancer cells.
Many studies have provided consistent evidence that the phosphorylation of PI3K/Akt and ERK signaling can be upregulated upon insulin pathway activation (36, 38) . Our experimental results showed that the induction of the protein levels of phosphorylated PI3K/Akt and ERK signals was observed in insulin-treated HCT-116 cells (Figs. 2B and 5A ). In addition, insulin increased the phosphorylated proteins of JNK and p38 MAPKs in the examined cells (Fig. 5A) . Importantly, preincubation with MAPK inhibitors (SP600125, PD98059 and SB203580) after insulin exposure diminished HCT cell proliferation (Fig. 5B) . Therefore, the event of the MAPK signaling response for cell proliferation requires the accumulation of insulin in human colorectal cancer cells. Furthermore, the roles of the PI3K/Akt pathway and its downstream signaling are vital during cancer progression (39) . For example, the mTOR signal is involved in cell proliferation; GSK3β can regulate the cell cycle-associated proteins (c-Myc and cyclin D1); p53 can alter the effect of apoptosis and cell cycle-related signals (39) . It has been reported that mRNA transcription, cell growth and cell proliferation can modulate the phosphorylation of mTOR by activating the PI3K/Akt/ mTOR pathway (40, 41) .
Our current study provides information that the insulinpromoted cell proliferation occurred partly through mTOR signaling (Fig. 3A) , indicating that mTOR signaling is a minor mediator, and the other crucial regulators might exist in insulin-treated HCT-116 cells. It was reported that the activation of PI3K/Akt/GSK3β signaling promotes the phosphorylated GSK3β on Ser9 to increase cyclin D1 expression, which accelerates the entry from G1 phase into S phase (42, 43) . Our results clearly showed that insulin significantly increased phosphorylated GSK3β (Ser9) (Fig. 3B ) and cyclin D1 (Fig. 4A ) in HCT-116 cells, suggesting that insulin activated the Akt signal to phosphorylate GSK3β following the induction of cell proliferation through increasing cyclin D1 expression, an activity that is required for cell cycle progression. Furthermore, the growth factors can suppress p53 expression through stimulating PI3K/Akt signaling to promote cell cycle progression. However, the regulation of PTEN expression by p53 can inhibit Akt activation (44) . In the present study, our results showed that insulin treatment markedly promoted p53 expression in HCT-116 cells (Fig. 3C) . A previous study demonstrated that the p53-dependent effect contributing to the proliferation in uterine serous carcinoma USPC-1 cells carrying wild-type p53 was induced by metformin through the downregulation of insulin/IGF-1 signaling (45). These results suggest that the insulin-stimulated Akt signal could not suppress p53 expression due to HCT-116 cells carrying wildtype p53 (46) , creating a feedback effect to reach the balance of dramatic cell proliferation caused by insulin.
MAPK family members can regulate cell proliferation, cell differentiation and cancer progression and play vital roles in cell apoptosis (47, 48) . Insulin signaling induces cell proliferation through the activation of the ERK/MAPK pathway, and the JNK and p38 MAPK had similar effects (36, 38) . Our findings showed that insulin significantly increased the phosphorylation of ERK, JNK and p38 MAPKs in HCT-116 cells (Fig. 5A) . Additionally, it is well known that HSP27 and the transcription factor c-Myc are regulated by MAPK signaling (47, 49) . We found that the transcription factor c-Myc was decreased in the nuclear fraction, but HSP27 was translocated to the nucleus in cells after insulin challenge (Fig. 4B) . This finding is also in agreement with other reports showing that MAPK signaling can modulate c-Myc expression, and the cancer cell invasive ability can be regulated by p38 MAPK (47, 49) .
Based on our functional study, it was demonstrated that insulin triggered cell proliferation and metastatic effects through MAPK signaling, as well as decreasing c-Myc expression and increasing HSP27 signaling in HCT-116 cells. Evidence has shown that the function of the oncogene c-Myc exhibits stimulated cell proliferation and apoptosis, and cyclin D1 can drive cell cycle progression and acts on cell growth to integrate the cell cycle machinery (42, 50) . Our results revealed that insulin increased the amount of cyclin D1 expression and reduced the protein levels of c-Myc expression (Fig. 4A) , suggesting that cancer cell apoptosis was evaded by insulin and showed a high ability of drug resistance (50).
Cancer cell metastasis has been shown to be involved in the vital events of the intercellular degradation of the extracellular matrix, invasion and migration ability during tumor progression (22, 51) . Furthermore, chronic hyperinsulinemia promotes primary tumor growth and the progression to lung metastasis in a mouse model of type 2 diabetes. We further investigated the effect of insulin on the metastatic effects of HCT-116 cells. Our data demonstrated that insulin enhanced HCT-116 cell migration, and MMP-2 might be involved in the metastatic process caused by insulin (Figs. 6-8) , eventually leading to cancer cell progression. This finding is also in agreement with the report by Qi et al (52) , proving that insulin/protein kinase B signaling upregulates metastasis-related phenotypes and molecules in human hepatocarcinoma cells.
In conclusion, our study showed, for the first time, that insulin triggers cell proliferation and the induction of metastatic effects on human colorectal cancer HCT-116 cells that is modulated by IR signaling and the PI3K/Akt/GSK3β pathway as well as MMP-2 regulation. We report a concept and insight addressing how insulin interacts with cell proliferation and migration in colon cancer cells. Therefore, these data support our hypothesis and offer an approach for insulin induction. The existing evidence indicates that colorectal cancer progression might be involved in insulin induction, and diabetes patients might need to pay close attention to this issue.
